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Abstract

In this study, a 1-D steady-state microphysical model which describes the vertical

distribution of melting precipitation particles is developed. The model is driven by the

ice-phase precipitation distributions just above the freezing level at applicable gridpoints

of "parent" 3-D cloud-resolving model (CRM) simulations. It extends these simulations

by providing the number density and meltwater fraction of each particle in finely-

separated size categories through the melting layer. The depth of the modeled melting

layer is primarily determined by the initial material density of the ice-phase precipitation.

The radiative properties of melting precipitation at microwave frequencies are

calculated based upon different methods for describing the dielectric properties of mixed-

phase particles. Particle absorption and scattering efficiencies at the Tropical Rainfall

Measuring Mission Microwave Imager frequencies (10.65 to 85.5 GHz) are enhanced

greatly for relatively small (-0.1) meltwater fractions. The relatively large number of

partially-melted particles just below the freezing level in stratiform regions leads to

significant microwave absorption, well-exceeding the absorption by rain at the base of

the melting layer. Calculated precipitation backscatter efficiencies at the Precipitation

Radar frequency (13.8 GHz) increase in proportion to the particle meltwater fraction,

leading to a "bright-band" of enhanced radar reflectivities in agreement with previous

studies.



The radiative properties of the melting layer are determined by the choice of

dielectric modelsandthe initial water contentsandmaterial densitiesof the "seeding"

ice-phaseprecipitation particles. Simulatedmelting layer profiles basedupon snow

describedby theFabry-Szyrmercore-shelldielectricmodelandgraupeldescribedby the

Maxwell-Garnettwatermatrix dielectricmodel leadto reasonableagreementwith radar-

derivedmelting layeroptical depthdistributions. Moreover,control profiles thatdo not

contain mixed-phaseprecipitationparticlesyield optical depthsthat aresystematically

lower thanthoseobserved.Therefore,theuseof the melting layer model to extend3-D

CRM simulations appearsjustified, at least until more realistic spectralmethodsfor

describingmeltingprecipitationin high-resolution,3-DCRM's areimplemented.



1. Introduction

Severalmethodsfor estimating instantaneousprecipitation ratesfrom spaceborne

passivemicrowave radiometermeasurementshave beendevelopedand applied with

moderatesuccess;Smith et al. (1994). In recentyears,theserainfall retrieval methods

havebeenprimarily appliedto observations of the Special Sensor Microwave/Imager

(SSM/I), a component of several of the Defense Meteorological Satellite Program's

polar-orbiting platforms. Intercomparisons of the methods have demonstrated the utility

of physically-based rainfall algorithms, which rely on physical models relating the three-

dimensional structure of precipitating clouds to the upwelling radiances measured by the

SSM/I; ref. Ebert and Manton (1998). The launch of the Tropical Rainfall Measuring

Mission (TRMM) Microwave Imager (TMI) in November, 1997, improved upon the

capability of SSM/I by extending the channel frequency range (10.65 - 85.5 GHz) and

resolution (5 km minimum footprint). In addition, a 13.8 GHz weather radar called the

Precipitation Radar (PR) was included on the TRMM platform to provide detailed

vertical structure (250 m resolution) of the observed precipitation.

By extending the passive radiometer physical models to include a description of the

radar response to precipitation, retrieval procedures combining both radiometer and radar

observations are achieved. Such physically based methods have already been developed

and applied to TMI and PR data; e.g. Haddad, et al. (1997). However, the physical

models supporting these retrieval methods do not include an explicit representation of



melting precipitation particles, which have an important radiative effect in stratiform rain

regions.

Previous studies by Schols et al. (1997), Meneghini and Liou (1996, 1997), and Bauer

et al. (1999a), have indicated the possibility of significant absorption of microwaves by

partially-melted particles, in addition to the commonly-observed enhanced radar

reflectivity of the melting layer. Although the high radar reflectivities of melting

hydrometeors typically occupy only a thin layer (-500 m), and thus might be ignored, the

microwave absorption within the melting layer has more serious consequences for both

radiometric and radar remote sensing of stratiform precipitation. Absorption and

emission of microwaves by the melting layer might account for a significant portion of

the emission observed by spaceborne passive radiometers- emission that might otherwise

be attributed to liquid precipitation in physically-based retrieval methods. Likewise, the

2-way path attenuation of radar pulses by the melting layer must be included in

calculations of the total attenuation of reflectivities measured by spaceborne radar.

In the present study, a one-dimensional, steady-state microphysical model of melting

ice hydrometeors is developed, following the work of Bauer et al. (1999b). Although

simplified, the model yields the volume fractions of ice, air, and water of melting

particles of all species and sizes at a fine grid spacing in the vertical. This model is used

in the manner of a parameterization to describe the vertical distribution of melting
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precipitation at applicable horizontal gridpoints of fully three-dimensional cloud

resolvingmodelsimulations.

The extinction optical depth and reflectivity simulations are compared to the

corresponding PR-derived quantities in an attempt to determine which modeling

assumptionsleadto simulationsmostconsistentwith theobservations.

2. Model Description

a. Microphysics of the Melting Model

Calculation of the electromagnetic properties of melting layer requires, at the very

least, a specification of the volume fractions of ice, air, and liquid of each melting particle

within the ensemble of particles which comprise the layer. From these volume fractions,

the dielectric properties of the particles may be computed according to different

approximate formulae; see section lc. In addition, accurate simulations of upwelling

radiances from cloud and precipitation distributions require that these distributions be

specified in three dimensions at a resolution greater than 12 km in the horizontal, as

indicated by Kummerow (1998). Such fields can be obtained from 3-D cloud resolving

model (CRM) simulations; however, the microphysical schemes utilized in CRM's

typically do not contain an explicit description of partially-melted precipitation particles;

e.g. Lin et al. (1983), Rutledge and Hobbs (1983; 1984), due to the large computational

requirements. Also, it will be shown in section lc that the height-variation of melting
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particledielectricpropertiesis significantonscales-50 m, which is usuallya muchfiner

resolutionthan that provided by manyCRM's. Therefore,in the presentstudy a one-

dimensional melting layer model is developed to describe the melting processat

applicablehorizontalgridpointsof a"parent"3-D CRM simulation.

The melting model describedin this study is only applicable to regions where

updraftsanddowndraftsare relativelyweakin the vicinity of the freezing level. Under

theseconditionsprecipitationwill fall steadilythroughtheair columnandonly melting,

sublimation/deposition,evaporation/condensation,and aggregationof particlesneedbe

considered. Eachgridpoint of the parent model domain is first examinedto find the

maximummagnitudeof the vertical velocity in the layerbetweenthe freezing level and

two kilometersbelow it. If the magnitudeof the vertical velocity doesnot exceed0.5 m

s-1in this layer,andif ice-phaseprecipitationexistsjust abovethefreezinglevel, thenthe

1-Dmeltingmodelis appliedto thegridpointin question.

Theformulationof themelting layer modelfollows the simplified approachof Bauer

et al. (1999b).The temperature,relativehumidity, vertical air motion,andhydrometeor

fields at each qualified gridpoint from the parent 3-D CRM simulation are first

interpolatedto the50m resolutionmeltingmodelverticalgrid; seeFig. 1. Thetop of the

meltingmodeldomainis assumedto coincidewith theparentmodelgrid-level at, or just

above,the0 C level, andthebottomof themodeldomainis set3km below this level.
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The sizedistributions of precipitation species (rain, snow, graupel) in the melting

model are represented by number densities, n(i,z), at intervals of 0.1 mm diameter. The

index i indicates the particle diameter interval, and z is the depth below the model top. A

particle of a given size is characterized by its ice mass, m_.(i,z), liquid water mass,

mtiq(i,z ), and volume of air, V,_ir(i,z).

At the top of the melting model domain the particle size distributions and

composition are inherited from the parent model, therefore

n(i,O) : n,._,(D,.,,,), (1)

where n_..(D,,., _) is the parent model particle number density at the top of the melting

model domain, and n(i,,O) is the melting model number density for an initial particle

diameter D_,i_ and depth z = 0 below the model top. Initially, ice precipitation species are

assumed to be spherical and dry mixtures of ice and air (no melt water or collected

water); therefore, the mass of ice and liquid in a given particle are

D 3

po( ni,,)i°', icespecies
6 '

m_e(i,O) = { (2)

O, rain

and



0, icespecies

mtiq(i,0) = • { (3)

Oinit _ 3

rain,
Pliq 6 '

where P,.(Di.i,i) is the initial ice particle material density, which may be a function of

diameter, and Ptiq is the density of water, 1.0 g cm -_. The small mass of air in the particle

is neglected, but the volume of air within the particle can be calculated from

10 ice,pecies
V_ir(i,O ) = {

O, rain

(4)

where p_. is the density of pure ice, 0.917 g cm -3. A description of the evolution of the

precipitation particles as they fall from level z to a new depth z-Az follows. The diameter

index i and level argument z have been omitted unless they are required for clarity.

A particle of a given diameter D is assumed to fall at a terminal velocity given by

1/2

=__( 4 p__.,g _1 D1/z
Wr _,3p. Co,

(5)

where p., is the material density of the particle,



mic e + mfi q
p., = , (6)

mice t- mtiq + Vai r

Pice Ptiq

g is the acceleration of gravity, p. is the density of air, and Co is the particle drag

coefficient. Since the parent model simulation may have different faltspeed formulations,

the drag coefficient Co is determined such that the total mass flux of a given ice (rain)

species is equal to the mass flux of that species in the parent model at the top (bottom) of

the melting model domain. The parameterization (5) for terminal velocity is used

because the net particle density of an ice particle may change as the particle melts, and

(5) accounts for the change in terminal velocity as a function of particle density. A

completely melted ice particle assumes the drag coefficient of rain.

As the ice precipitation particle of a given diameter falls, the rate of increase of the

mass of melt water contained in the particle is determined by

T> 273.16 K; F,_,, > F,,,_p

dmmet, f
= / (7)Zt

0, otherwise.

Here, F,... is the rate of sensible heat transfer to the particle, F_v,,p is the rate of latent heat

loss due to the evaporation of melt water, and L/is the latent heat of fusion, 3.34 x 105 j



kg_. Note that melting can only occur if the temperature of the particle environment

exceeds 273.16 K and the rate of sensible heat transfer exceeds the rate of heat loss due to

evaporation. Equation (2) follows the development of Ferrier (1994) but neglects

collection terms that may also affect the particle heat balance. The sensible heat transfer

rate is given by

F,e,s = 2reD K(T-To)]3, (8)

where K is the thermal conductivity of the air, T is the air temperature, To is the assumed

melting particle temperature, 273.16 K, and ]3 is the ventilation factor,

= 0.78+0.31Sc113Re tl2 . (9)

Here, Sc is the Schmidt number, which is given by

S_ = /.t/(pa qx), (10)

and the Reynolds number is given by

Re = -w rDp,,/y, (11)
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where/2is thedynamicviscosityof air and gtis thediffusivity of water vapor in air. The

physical parameters K, u, and gt are evaluated using the formulae in Pruppacher and Klett

(1978). The rate of heat loss due to melt water evaporation is

F,,.ap = 2rcDlltp. [q,.s(To)-qv]flL_,, (12)

where qv and q_.s are the mixing ratio of the air and the saturation mixing ratio at the

surface of the particle, respectively, and Lv is the latent heat of vaporization, 2.5 x 10 6 j

kg _. In (12), the heat loss due to evaporation is limited by the rate of transfer of water

molecules from the particle surface to the atmosphere.

F_._p/ Lv , T> 273.16 K; F,.., > F_v.p

_n f
mevap

- _ (13)
dt

T> 273.16 K; _,,, < F_,.,p

In the case of rain, or if the ice particle has completely melted, evaporation of liquid

is described by (Ferrier, 1994),

dmre,.ap __ - 2 rc D( S-1) fl , (14)
dt AB

where the supersaturation ratio, S, is
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S = q,,/qv,, (15)

and

' 1AB - L_ _- (16)
K/_T 2 _p q,,,

Also, at temperatures below freezing, sublimation/deposition of water vapor from/onto an

ice particle's surface is given by (Ferrier, 1994),

dm,,,h _ -2zrD(Si-1)fl
, (17)

dt AB i

where

Si = q,,/q,,,i, (18)

is the supersaturation ratio with respect to ice, and

ABi - /-"2 + 1 (19)
K R. T 2 _ Pa qvsi

Here, q_,,_is the water vapor saturation mixing ratio with respect to ice, and L, is the latent

heat of sublirnation, 2.83 x 106j kg _.
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In the processesof melting or sublimation/deposition, it is assumed that the volume

proportion of air to ice in a given ice or melting particle is maintained. Therefore, at

temperatures above freezing

dV'm f_' [ dm"'t' ], (20)
dt Pice L--_-t ]

while at sub-freezing temperatures

dr,,,,,_ :o,
dt Rice L-&-t J

where

f_, _ V._ (22)
mice�Rice

is the volume ratio of air to ice in the particle.

In addition to phase change processes, ice and melting particles can collide and

combine to form aggregate particles, while pure liquid drops (rain) are immediately shed

in collisions. Self-collection of raindrops is not considered here, since this process is

adequately represented in the parent models, and the focus of this study is the evolution

of melting precipitation particles. Which types of ice species may aggregate is

determined according to microphysics of the parent model simulation (see Section 2b).
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Also, in orderto maintainconsistencywith theoriginaldefinitions of the particle species,

a given particle can collect another particle only if its size is greater than the collected

particle. This criterion ensures that the resultant aggregate particle has material

properties closer to those of the collecting particle. The rate of change in the number

density, n_, of accreted particles due to collection is given by

dn.(i)

dt
= -Z ¢_o(_,:),,c(:),,ofi),_[D_(:)+Do(i)]_lwT_(:)-w_o(i)I:,/a,

J

(23)

where _,. is the collection efficiency of the particle interaction, n c is the number density

of collecting particles, D c and D. are the diameters of the collecting and accreted

particles, respectively, ,,vrc and wr,, are the terminal velocities of the collecting and

accreting particles, respectively, and A is the distribution diameter interval of the

collecting particles. The summation is over all valid collecting particle sizes.

The total number of particles of a given size accreted by a single collecting particle

per unit time is given by

dN.(j)

dt
= ¢.,(i,j)no(j) rc [D_(i)+ D,(j)] 2 IwT,.(i)-wTo(j) :,/4. (24)

It follows that the rate of change of ice and liquid water mass of a single collecting

particle are
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dmi.cc(i) = Zm,.ce(j ) dN (j_______) (25)
dt j dt '

and

dm,ac_(i ) dN.(j)
dt - _" ma_iq(J) --' (26)

j dt

respectively, where m a ice and m, hq are the masses of ice and liquid water in each accreted

particle, and the summations are over all accreted particles. Also, the volume of air in the

collecting and accreted particles is assumed to be conserved during collection; therefore

where V_ air is the volume of air in the accreted particle.

dV.,,c_(i) _ Z v.air(J) dN.(j_____) (27)
dt j dt '

The combined effects of melting, sublimation/deposition, evaporation, and

aggregation are now considered. For ice or melting precipitation species,

dm st,b
mic_(i'z-Az)= mic'(i'z)+ {-_[dm'et'[ dt J-] (1-_)[T] +T_ At'dmiacc] (28)

ml,q(i.z- z_ ) mliq(i,z) + _{ dm"'d' dme,'ap _}
= - - + At,

dt dt
(29)
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and

Vo.(i,z-_) = V_(i'z)+_6[dV_l+('(L dt A -o)[_t-J+_'Fdv_''l _}A,, (30)

where

a, = - az/[wT+w], (31)

and

0, T< 273.16K

6 = { (32)

1, T > 273.16K.

Here, At is the time required for the particle to fall to the next level, and w is the vertical

air velocity of the particle environment. For raindrops,

mtiq(i,z- Az) = m,q(i,z) + -_t _At' (33)

which governs both completely melted ice particles and raindrops from the parent model

simulation that are present at the top of the melting model domain.

The change in the number density of ice and melting precipitation particles is

calculated in three steps. First, the reduction of particles due to accretion is computed;
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• _dn(i,z)_At"
n(i,z-Az) = n(i,z)+ I. -_ J (34)

Then n(i,z-Az)' is adjusted for the loss of particles due to evaporation or sublimation

according to the governing equations (28)-(33). Since the melting model is steady-state,

the number flux of particles at level z, less the flux eliminated by accretion, evaporation,

or sublimation, should equal the number flux of particles at the next level. This condition

is satisfied if the number flux of "surviving" particles at z, n(i,z-Az)' • (wr(i,z) + w(z)) is

set equal to the number flux at the next level, n(i,z-Az) • (wr(i,z-Az) + w(z-Az)). It follows

that

" [wT(i,z)+ w(z)]
n(i,z- Az) = n(i,z-Az) [Wr(/-_z_-_--_ +-_ Az)],

(35)

which yields the number density of particles at the next level. Note that wr(i,z-Az) is

obtained from (5) using the particle composition calculated at the next level.

The foregoing equations provide a description of the melting process that is sufficient

for determining the bulk electromagnetic properties of the melting layer. However, due to

differences in model physics and vertical resolution, as well as the lack of horizontal

advection of precipitation into or out of the one-dimensional melting model domain, the

17



profilesof precipitationproducedby themelting modelmaydiffer from thosecomputed

in the parentmodel. To help correctfor thesedifferences,the sizedistribution of each

precipitationparticlespeciesin themeltingmodel is scaled,suchthatthetotal massflux

of theresultingprecipitationdistributionsis equalto theparentmodeltotal massflux

interpolatedto themeltingmodelgrid;

n,_aj(i,z) = y(z) n(i,z), (36)

with the scaling factor

y(z)= 5p_ci_sZMp"r(Z)/t/,sp_ciesZt_IZn(i'z) (mice(i'z)+m"q(i'z)) (Wr(i'z)+w(z))A]) "i (37)

Here, Mp_r(z) is the mass flux of a given precipitation species in the parent model

interpolated to level z. From a theoretical perspective, the correction (36) may seem

heavy-handed. However, the objective of the present work is to develop a description of

the melting band with sufficient detail for radiative transfer calculations, and one that is

compatible with the parent 3-D model simulations, as opposed to a stand-alone model. In

this sense, the melting model can be viewed as a local parameterization of processes not

resolved by the parent model.
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Finally, from the computedice and liquid massesand volume of air in a given

particle,thevolumefractionsof ice, liquid, andair arecalculated;

fce(i,z) = mice(i'z)/P'c" (38)
V(i,z) '

mliq(i'z)/Pliq (39)
ftiq(i'z) = V(i,z) '

V_r(i'z) (40)
f_,r(i,z)- V(i,z)'

where

m,iq(i,z)
V(i,z) - mi"(i'z) + + Vair(i,z ). (41)

JOice Pliq

The quantities nadj, fice, ftiq, and foi,, are utilized in the following sections to calculate the

electromagnetic properties of melting precipitation.

b. Application to Parent 3-D Cloud-Resolving Model Simulations

In the previous section, a simplified model describing the evolution of melting

precipitation was developed. Being one-dimensional, this melting model is designed to
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representthemelting layer at a singlegridpoint in a parent,3-D CRM simulationandis

drivenby thedistributionsof iceprecipitationjust abovethe freezinglevel in theparent

simulation. In this section the parent model simulations are briefly described,and

applicationsof themeltingmodelto asingleparentmodelprofile arepresented.The3-D

CRM modelrunsserveasthebasisof themeltingsimulationsdescribedin thefollowing

sectionaswell asthesimulatedradianceandradarreflectivity fieldsin PartII.

The parentmodel simulationsof this study arederived from the GoddardCumulus

Ensemble(GCE) model and the University of Wisconsin Non-hydrostatic Modeling

System(UW-NMS); seeTable 1. A detaileddescriptionof theGCEmodelmaybe found

in Tao and Simpson (1993). The GCE model is non-hydrostatic, with cloud

microphysicsdescribedby anadaptationof theLin et al. (1983)scheme.In this scheme,

precipitating particle distributions are representedby inverseexponentialdistributions

with fixed intercepts;theslopesof thedistributionsareadjustedto accountfor changesin

watercontent,which arecomputedprognostically.Theparticlematerialdensities'inthis

schemearealso fixed: rain hasa density of 1.0g cm3, while snow and graupelhave

densitiesof 0.1 and0.4 g cm3, respectively.ThreeGCE modelsimulationsale utilized

in the present work. Two of these simulations are initialized using temperature,

humidity, and wind conditions observed22 February1993,during the Tropical Ocean-

Global Atmosphere Coupled Ocean Atmosphere ResponseExperiment (TOGA

COARE). A tropical squall line observedto the southwestof the TOGA COARE
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IntensiveFlux Array (IFA) wassimulatedon a 1km, 128x 128grid (TOGA1) and a 3

km, 128x 128grid (TOGA3). Bothsqualllineswereinitiatedwith aspreadingcool pool

centeredin themodeldomainthat generatedagust front-like forcing. A third simulation

is derivedfrom a long-term,forcedsimulationof convectionin theTOGA COAREIFA

during theperiod 19-26December,1992. The extensivemesoscaleconvectivesystem

that occurredon 24 Decemberis representedin thesimulated12UTC precipitationfield

ona 2 km,256x 256grid (TOGA2).

The UW-NMS is describedin Tripoli (1992a). Themicrophysicalschemeemployed

is from Flatau et al. (1989), with specifiedparameterstabulatedby Panegrossiet al.

(1998). In the simulationsutilized in the presentstudy, the precipitatinghydrometeor

specieshaveinverseexponentialsizedistributions,but unlike theGCE model,theslopes

of thesedistributions are fixed, while the interceptsare allowed to vary with water

content. Rain and graupel have fixed material densities of 1.0 and 0.6 g cm3

respectively,while snowhasasize-dependentdensitygivenby

P,,-_ .... = 0.0597 D -°'6, (42)

where the particle diameter D is in mm, and the resulting density is in g cm -3. Two UW-

NMS simulations are used in the current study. The first is a simulation of a

thunderstorm complex observed during the Cooperative Huntsville Meteorological
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Experiment. Identified hereasCOHMEX, this simulationwasperformedona 1km, 51

x 51 grid domain. A description of COHMEX can be found in Mugnai et al. (1990). A

second simulation was initialized with a balanced vortex and sounding data from the

environment preceding the passage of Hurricane Gilbert (1988) at Kingston, Jamaica.

The resulting hurricane simulation (hereafter, HURRICANE) was performed on a two-

way, quadruply-nested grid, which included a 3.3 km resolution, 62 x 62 inner nest

during the last 6 hours of simulation time to resolve the inner core region of the storm.

Details of HURRICANE may be found in Tripoli (1992b).

Depicted in Fig. 2 is a plan view of the surface rainfall rate field in the TOGA1

tropical squall line simulation at 180 min into the simulation. On the right side of the

figure is the bowed convective leading edge of the squall line with rain rates exceeding

16 mm h _. The leading-edge convection extends to the south and west (north is up in the

Figure). Less intense and more horizontally uniform stratiform precipitation trails the

convection to the north and west.

The crossing of the dotted lines at x = 42 km and y - 75 km in Fig. 2 indicates the

position of the test profile examined in this section. This gridpoint is located near the

center of an area of stratiform rain, with a surface rainfall rate of 0.6 mm h _. The melting

layer model is applied to the TOGA 1 simulation at the gridpoint. The top of the melting

layer model coincides with the 6 km level in the parent model simulation, where the

temperature is just below freezing (271.4 K), and the snow and graupel water contents are
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0.17 g m "3 and 0.25 g m "3, respectively. The freezing level occurs 0.37 km below the

melting model top.

Presented in Fig. 3a and b are the liquid water content and mass flux profiles,

respectively, of snow, graupel, rain, and total precipitation calculated using the melting

model. Note that in order to emphasize the melting model physics, subsequent scaling of

the precipitation mass flux using (36) is omitted in this example. From the top of the

model domain to the freezing level, sublimation of ice reduces the mass and mass flux of

both snow and graupel, while aggregation processes are weak (collection efficiency is

less than 0.1). The melting of ice-phase particles falling below the freezing level is

initially inhibited by the evaporation of meltwater [see (12)], a process that consumes

most of the sensible heat flux to each particle while removing little mass. More effective

aggregation at these temperatures (collection efficiency of 1.0) causes a slight increase in

the water content of snow while the water content of graupel decreases; however, the

total mass flux of snow and graupel together is nearly constant from the freezing level to

a depth of 0.75 km (about 0.4 km below the freezing level).

Below a depth of 0.75 km, the increasing humidity of the air effectively shuts off

meltwater evaporation, and the increasing sensible heat flux from the air causes rapid

melting of snow and graupel. The denser graupel particles do not melt as quickly as

snow of the same size, and the graupel completely melt at a depth 0.25 km lower than

snow. The melted and partially-melted snow and graupel attain higher terminal
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velocities, and thereforethe total water contentof precipitationdecreasesrapidly with

melting,despitethe fact that thetotal massflux of precipitationis nearlyconstant.. At

1.8km depththe snowand graupelarecompletelymelted,andthe gradualdecreaseof

precipitationwatercontentandmassflux below this level is causedby theevaporationof

rain.

One of the limiting assumptionsin the GCE modelmicrophysicsis that both snow

and graupelparticleshave material densitiesindependentof particle size. Studiesby

Locatelli andHobbs(1974),Mitchell et al. (1990),andotherssuggestthat thedensityof

snowparticlesdecreasesmarkedlywith size,while graupelparticlesshowonly a slight

decreasein densitywith size.Thesnowdensityrelationshipof Mitchell et al. (1990),and

acurve fit to thegraupelobservationsof Locatelli andHobbs(1974)yield

P,,-s,o,_, = 0.149 D -I° , (43)

and

D,.-gra_pd = 0.144 D -°341 , (44)

where D is in mm and P,,-s, .... and P,,-graupetare in g cm 3. Snow and graupel with these

density distributions are substituted for the snow and graupel distributions at 6 km at the

same gridpoint of the TOGA1 simulation, and the number densities of both types of

particles are scaled to yield the same water contents as those in the original simulation.
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The modified snow and graupel distributions are then used to initialize the melting

model, with the resulting profiles of precipitation water contents and mass fluxes shown

in Figs. 3c and 3d, respectively.

Comparing the model profiles to the profiles based upon the fixed-density model in

Figs. 3a and 3b, it may be noted that the primary difference is the more rapid melting of

the variable density particles. The depth of the melting layer contracts from about 1.0 km

to 0.5 km. This result is due to the more rapid melting of the larger snow and graupel

particles, which are less dense than their constant-density counterparts. These larger

particles require the most time to completely melt and therefore limit the melting time of

the distribution. The differences in melting rate will have an impact on the radiometric

properties of the melting band, to be discussed in Section 2c.
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c. Dielectric Properties of Melting Hydrometeors

i. Maxwell-Garnett Model

Generally, the effective dielectric constant of an inhomogeneous particle is calculated

as a function of the individual contributions by ice, water, and air. The most widely used

formulation follows the Maxwell-Garnett approach (Maxwell-Garnett 1904) which was

generalized by Bohren and Battan (1982). An inhomogeneous particle is described as a

matrix material with randomly distributed and oriented elliptical inclusions which

contribute to the effective dielectric constant of particle in proportion to their volume

ffaction,f.c.

[1-f.c]em.,+f.c_ei.c
e,.i_ = , (45)

1-f.c+f._¢

where

_, = 2e,.., 1{[ ei°_ ]ln(ei"_/-1}"e,o.-e=.,
(46)

Here, e,..,, ei.c, and e.,o denote the complex dielectric constant of the matrix, the

inclusions, and the mixture, respectively, and In(e_.Je,..,) is the principal value of the

complex number ei.,le.,.,. For three component mixtures. (45) must be applied twice, and
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theresultingdielectric constantof themixture dependsuponthe orderof applicationas

well asthechoiceof matrix andinclusionmaterialsin eachapplication.

ii. MeneghiniandLiou Models

Severalintercomparisonsof availabledielectricmodelformulationshavebeencarried

out, including (45) and others that treat the mixture as a homogeneouscomposite.

Klaassen(1988) demonstratedthat even homogeneousformulations such as Debye

(1929), Bruggeman (1935), and Maxwell-Garnett (1904) deviate strongly from one

another. To test these formulations, Meneghini and Liao (1996) solved the

electromagneticfield equationsnumerically for particlessubdividedinto a grid of cells

containingice, air, or water. Theeffectivedielectric constantsof theparticleswerethen

determinedasthosewhich, wheninput to Mie theory,producedthesameextinctionand

backscatteringcoefficientsasthenumericaltechnique.

For particlescontaininghomogeneousdistributionsof ice,air, andwater,theeffective

dielectric constantswere well-approximatedby the Maxwell-Garnett formula for water

inclusionsin an icematrix, e_ai ., (hereafter referenced as MGiw), for ice volume fractions

greater than 0.2. The Maxwell-Garnett formula for ice inclusions in a water matrix, E,v,_,,._

(hereafter referenced as MGwi) compared best to their numerical method when the ice

volume fraction was less than 0.2. On the other hand, if meltwater accumulated at the
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particlesurface,theeffectivedielecricconstantwasagainwell representedby eMc,,_;.The

distribution of meltwater within the particle, however, depends upon the initial particle

density and melting stage; therefore, different dielectric models may be optimal for a

given particle density and melting stage.

For a spatially homogeneous ice-water mixture, i.e., meltwater pockets randomly

distributed throughout the particle volume, Meneghini and Liou (1996) developed an

analytical function to better represent the particle dielectric constant, eML96 (hereafter

referenced as ML96), at a frequency of 7.7 GHz. At intermediate melting stages they

utilized an error function to interpolate between the dielectric constant of an ice-air

matrix with water inclusions, eMci,_ (initial melting stage), and that of a water matrix with

ice-air inclusions, e_c,,._ (later melting stage), as a function of the fractional volume of ice,

fi£¢'"

eML96 = 0.5{[1-erf(_)]eMo,, i +[l+erf(_)]eMC,_}, (47)

where the error function is defined as

2 re , 2x

eft(C) - ._/__-j0exp[-N )dig,
(48)

and
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o,]

202
(49)

The parameters 01 = 0.2 and "1._2 = 0.1 yield a good approximation to the effective

dielectric constants determined from their numerical technique.

The application of the ML96 formula to frequencies other than 7.7 GHz may not

seem justified, but the effective dielectric constant calculation is driven by the weights

obtained from the error function which are closely tied to e,uoi,,, at early melting stages and

thus represent a rather conservative estimate of the dielectric constant. Also, the ML96

formula was applied only to mixtures of pure ice and liquid water. In the present study

Ace dl- fair is substituted into (49) for f ce, where the Maxwell-Garnett formula for air

inclusions in an ice matrix is used to compute the dielectric constant of the ice-air

mixture.

More recently, Meneghini and Liao (1997; hereafter referenced as ML97), improved

the numerical accuracy of their dielectric constant calculations, employing a continuous,

multiple-component particle approach with parameterizations which allow for

applications to frequencies between 10 and 95 GHz. Their model was based upon the

assumption that the properties of the particle constituents are homogeneous, isotropic,

and linearly superimposed. Therefore,
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_'ML97 = (Eliql (Eair) , (50)

fliq "_- Lir + fice(e;c,) (e,c,)

where ei,.., eai., and e,q represent the permittivities of pure ice, air and water with volume

fractions f., fair, and fj_q, respectively. The terms in brackets denote the average electric

fields, assuming that the particle can be decomposed into individual cells over which the

fields are homogeneous. Therefore, the summation of all cell contributions to the total

field is equivalent to the average field multiplied by the number of cells. The ratio of the

average electric fields in (50) is computed from the Debye formula assuming a dry

"snow" particle withf'_. + f'a_. = 1,

(51)

where

_Tdo.

Pi. + 2 _ice Pd O

Pice -- l_ice Pdry

(52)

_ice

_ drv -- l

ed_.. + 2'
(53)

and
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p_.. - mi" (54)

mice q_ Vai r

Pice

is the density of the dry "snow" particle. Finally, both the real and imaginary parts of

(E_iq)/(Ei,) were computed by ML97 using a conjugate gradient numerical method and

parameterized as functions of frequency and fractional meltwater.

iii. Concentric Shell Models

Another approach to the problem of approximating the dielectric properties of a

melting ice particle is to construct it from concentric shells of material with different

dielectric properties. The most common example is a water-coated sphere, which may be

a sufficient approximation for melting hailstones or graupel with high material densities.

Regarding snow particles, a more detailed description of each layer is required, and this

may be obtained through the application of (45) to each shell.

Shivola and Lindell (1989) developed the theoretical background for various

dielectric constant profiles through inhomogeneous particles. Their work allowed a more

sophisticated treatment of continuous dielectric constant variations as a function of radius

within the particle. The assumed density and dielectric discontinuities in a shell model
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representa simplification of their approachwhich seemsjustified in view of the lack of

knowledgeregardingthe spatialvariationsof densityand compositionasa function of

radiusin meltingparticles.

For the purposeof modeling radar reflectivities in the melting layer, Fabry and

Szyrmer (1999; hereafter FS) implemented a core-shell model which was then

incorporated into the framework of a microphysical melting model by Szyrmer and

Zawadski (1999). In their model,theparticlecoreconsistsof ice inclusions in a water

matrix, which togetherserveas a matrix for air inclusions. The latter are treatedas

bubbles in a comparatively solid environment. The outer shell is modeled as ice

inclusionsin awatermatrix, whichtogetherform inclusionsin a matrix of air. Thusthe

outer shell representsa rathertenuouscollection of melting ice crystals.

constantsof thecoreandshellarecalculatedusing(45).

The dielectric

FS comparedmodeled and observed radar reflectivities at 0.9 and 9.4 GHz and

obtained better agreement using this approach in relation to alternative models based

upon (45) for different choices of matrix and inclusion materials. FS confirm that the use

of (45) with a water matrix showed an exaggeration of the melting layer reflectivity, a

result in concert with studies by Bauer et al. (1999a,b), who noted excessive microwave

emission from the modeled melting layer when (45) with the water matrix assumption

was applied. Moreover, these authors concluded that the choice of a particle dielectric
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constantmodeloutweighsothersourcesof uncertaintysuchastheassumptionof particle

density.

Crucial to the FS model is the calculation of particle density changewith melting

stageandthepositionof theboundarybetweentheparticlecoreandoutershell. Prior to

melting,thecoreandoutershelldensitiesof thedry snowparticleare

-I

Pdo..cor, = Pao a,_., (55)

and

1 t_ 2-- a,y)

Pao',shd, = Paoli" 10t3y ) ,
(56)

where _,o is the radius of the core region expressed as a fraction of the total radius of the

particle. Note that (55) and (56) may be derived assuming that density is a continuous

function of 1/radius within the particle; then Pdo..cot, and Pao..._h,, are the average densities

within the particle core and shell, respectively. The bulk material density of a particle

with these core and shell densities is equal to Pao, regardless of the ffj,_, chosen. In FS,

_a,_.-- 0.5 in (55) and (56). During melting, the densities of the core and shell regions

change according to
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PdO', core JOliq

Pro,core fmliq Pdry,core -I- (l-- fmliq)Pliq (57)

and

Pdry,shell Pliq
= , (58)

Pm, shell frnliq Pdry, shell _l_ (l__ fmliq)Pliq

respectively, where

Llliq -- mtiq , (59)
mic e Jr mti q

the mass fraction of melt water, is assumed to be the same in both the core and shell

regions. Under these conditions, the core radius fraction of the particle is

jO m __ JOin,shell 7[1/3

P,,,core --Pm,she" ] ' (60)

where p,, is the average density of the particle, given by (6). As the particle melts, the

core and shell densities approach 1 (completely melted), and the core radius fraction also

approaches 1 (the melted particle radius).
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If thecoreregionof theparticle is treatedasa sphericalinclusionwithin a matrix of

shell material, the effective dielectric constant of the complete particle can be

approximatedby the original Maxwell-Garnett theory. Under this assumption the

effectivedielectricconstantis

_ FS : Eshel t + 3Eshettl_Z3[Ec°re--Eshelt] (61)
E core "lC2 _ shell -- O_3 [ _.core -- _ shell ] '

where ecor_ and e,h_, are the permittivities of the core and shell regions, respectively.

However, (61) is only appropriate if the particle dimensions are small compared to the

wavelength of radiation, a condition that is not always satisfied in the present application.

The rigorous alternative is to calculate the particle radiative properties by solving the

electromagnetic field equations for a two-shell system, as in Bohren and Huffman (1983).

This alternative will be explored in Section 2d.

iv. Intercomparison of Dielectric Constant Models

Particle dielectric constants at 10.65, 19.35, 37.0, and 85.5 GHz are calculated for

melting snow (initial p,, = O. 1 g cm -3) and graupel (intial Pm --': 0.4 g cm 3) and converted to

refractive indices using
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n = -,_. (62)

Melting snow and graupel refractive indices are presented in Figs. 4 and 5, respectively.

The five curves in each panel correspond to calculations using the different dielectric

models described in the previous subsection. The curves converge to points near the

lower left (no meltwater) and upper right (completely melted) comers of each panel, with

a "+" indicating a meltwater volume fraction of 0.5.

It may be noted from the figures that the refractive index curves are generally

bounded by the MGwi and MGiw model curves. The quasi-linear MGwi curve yields the

maximum rate of increase of the imaginary component of refractive index with melting.

Conversely, the MGiw model typically yields the smallest rate of increase of the

imaginary component. The other three models tend to follow the behavior of MGiw but

with noted differences. ML96 closely follows MGiw up to a volume meltwater fraction

of 0.5, but then it makes a transition to MGwi for higher meltwater fractions. The ML97

model yields imaginary refractive indices sometimes even lower than those produced by

MGiw for very low meltwater fractions, but then gradually diverges from the MGiw

curve for higher meltwater fractions. In contrast, the FS model yields a higher imaginary

refractive index component than either ML96 or ML97 for meltwater fractions less than
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0.5, but thenapproachesthe MGiw model refractive index as the meltwater fraction

increasesfrom 0.5to 1.0.

Therefractiveindicesof snowandgraupelaresubtleydifferent. A closeinspection

of Figs. 4 and 5 revealsgreaterreal and imaginary refractive index componentsfor

graupelwith a givenmeltwaterfraction for all but the MGwi model. TheMGwi model

yields slightly smaller refractive indices for graupel relative to snow. Overall, the

refractiveindexdifferencesbetweensnowandgraupeldecreaseasthemeltwaterfraction

increases.

Sincetheradiativeabsorptivityof amaterial increaseswith the imaginarycomponent

of the refractive index, pure snowor graupelareexpectedto bepoor absorbers.Once

snowor graupelbeginmelting, theMGwi modelwould producethegreatestincreasein

absorptivity with meltwater fraction. As mentioned earlier, the MGwi model may

exaggeratetheradiativeeffectof meltingexceptfor relatively denseparticles(graupelor

hail) for which meltwatermayinitially accumulatenearthesurfaceof theparticle. The

more rigorous ML97, which describes the dielectric properties of particles with

homogeneously-distributedmeltwater,may alsobeapplicableto densericeparticles,but

theabsorptivityof theparticleswould generallybe less. Snow,havingan ice-airdensity

which decreaseswith radiuswithin the particle, is more appropriatelydescribedby the

FS, core-shell model. The bulk refractive index of snow basedupon FS indicates

significantlygreaterabsorptivity for low meltwaterfractions in comparisonto ML97 or
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MGiw, but lessabsorptivity for higher meltwater fractions. The impact of dielectric

constantmodelson theradiativepropertiesof meltingiceparticlesis nextexamined.

d. Radiative Properties

Plotted in Fig. 6 are the absorption and scattering efficiencies of the FS melting

particles at 10.65, 19.35, 37.0, and 85.5 GHz. The efficiencies are calculated based upon

the analytical solution for electromagnetic waves interacting with a dielectric sphere

having a core and outer shell (ref. Bohren and Huffman, 1983). The absorption and

scattering efficiencies, multiplied by a particle's geometric cross section, are proportional

to the radiative power absorbed and scattered by the particle at these TMI channel

frequencies. Presented in each plot are efficiency curves for five different meltwater

water volume fractions spanning the range from "dry" snow (Pice-air = 0.10 g cm 3) to pure

liquid composition. At all frequencies, and for all particle compositions, the efficiencies

increase with increasing particle size until the particle radius is approximately equal to

the wavelength of radiation. At larger particle radii, maximum efficiencies are first

attained by the pure liquid particles, and then by particles with decreasing meltwater

fractions. Dry snow particles have very low absorption and scattering efficiencies, with

the exception of relatively large particles at 37.0 and 85.5 GHz.

For relatively small volume fractions of meltwater (less than -0.10), absorption and

scattering efficiencies of the particles generally increase with meltwater fraction. The
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increaseof efficiency with meltwater fraction is greatest for the smallest meltwater

fractions, a nonlinear sensitivity that has been noted by other investigators; e. g.

Meneghini and Liao (1996). Note that the absorptionefficiencies of particlesthat are

relatively large with respectto wavelength attain maximum values for intermediate

meltwaterfractions(-0.4), while theefficienciesof pureliquid dropsof thesamesizeare

less. The sametrend is not seenin particle scatteringefficiencies,which nearly always

increasewith increasingmeltwaterfraction. The implication of thesetrendsis that the

radiometricabsorption/emissionandscatteringof only slightly melted particlescanbe

significant compared to pure liquid drops of the same size, and that the

absorption/emissionof particleswith significantmeltedfractionscanactuallyexceedthat

of pureliquid drops.

The individual particle propertiesare integratedover the size distribution of each

particle speciesin the testprofiles depictedin Fig. 3a to produce the profiles of bulk

absorption and scattering coefficients in Figs. 7a and 7b, respectively. Thesebulk

absorptionand scatteringcoefficientsarebasedupon applicationof the FS, core-shell

dielectric model to both snow and graupel.For comparison,absorptionand scattering

coefficientsbasedupontheMGwi modelareplottedin Figs.7c and7d, respectively.

It maybe inferredfrom Fig. 7athatthebulk absorptionby melting snowandgraupel

is greaterthan the absorptionby rain aloneat thebaseof the melting layer. The higher

water contentsof precipitation(Fig. 3a)aswell astheelevatedabsorptionefficienciesof
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partially meltedprecipitation(Figs.6a,c, e, andg) contributeto greaterabsorptionin the

melting layer. Maximum absorptionoccursjust below thefreezinglevel baseduponthe

FS,core-shellmodel,andit is aboutanorderof magnitudegreaterthantheabsorptionby

rain below the melting layer at 10.65GHz. Maximum absorptionis about 5, 3 and 2

times the absorptionby rain at 19.35,37.0 and 85.5 GHz, respectively. Microwave

scatteringis alsomaximizedin themelting layer. However,at frequencieslessthan85.5

GHz scattering is generally much less than absorption,and the scattering peaksare

broader, extending through the depth of the melting layer (Fig. 7b). The broader

scatteringpeaksresult from thelessrapid, monotonic increaseof scatteringefficiency

with melted particle fraction, asseenin Figs. 6b, d, f, and h, whereasthe absorption

efficiency increasesmorerapidly with meltedfraction for a wide rangeof particle sizes

(Figs. 6a, c, e, andg). At 85.5GHz, absorptionandscatteringin the melting layer are

comparable. The absorptionandscatteringcoefficients basedupon the MGwi model

exhibit similar trends,with a slightly higherandnarrowerpeaksof absorptiongivenby

MGwi. Thescatteringprofilesproducedby thetwo modelsarenearly identical.

In Fig. 8, the extinction efficiency and normalizedbackscattercross-sectionbased

uponthe FS,core-shellmodel areplottedfor particleswith variousvolume fractionsof

meltwater at 13.8GHz, the operatingfrequencyof the PR. The extinction efficiency,

multiplied by the particle's geometric cross-section, is proportional to the radar

attenuationby theparticle.Similarly, thenormalizedbackscattercross-sectionmultiplied
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by theparticlegeometriccross-sectionis proportionalto theradarpowerreflectedby the

particle. The extinction efficienciesat 13.8GHz (Fig. 8a) follow thesametrendsasthe

absorptionefficienciesat 10.65GHz (Fig. 6a). It maybe inferredthatradarattenuation

becomessignificant with the onsetof particle melting. On the other hand, particle

backscattercross-sectionsincreasealmostin proportionto theparticlemeltedfraction.

The individual particle extinction efficiencies and backscattercross-sectionsare

integratedover the sizedistributionof eachparticlespeciesin thetestprofilesdepictedin

Fig. 3ato producetheprofiles of bulk extinctioncoefficientandradarreflectivity in Fig.

9aand9b,respectively.TheseprofilesarebasedupontheFS,core-shelldielectricmodel,

and the contributions from snow, graupel, and rain are indicated. For comparison,

extinctioncoefficientsandradarreflectivitiesbasedupontheMGwi modelareplottedin

Figs.9c and9d,respectively.

Sincemicrowavescatteringis almostnegligible in comparisonto absorptionat 13.8

GHz, the profiles of total extinction have almost the sameform as the profiles of

absorptionshownin Fig. 7a. Note thatthepeakextinctionby snowis almostthesameas

that of graupel,eventhough thewater contentof graupelis alwaysgreaterthan that of

snow(Fig. 3a). This resultis explainedby thegreaterproportionof largeparticles,Which

havegreaterextinction efficiencies,in thesnowdistributionaccordingto theGCEmodel

microphysics. The greaterproportionof largesnowparticlesoffsetsthe slightly greater

extinction efficiency of graupel. On the other hand,due to their lower density, snow

41



particlesmeltmorerapidly thangraupelparticlesof the samesize,leadingto arelatively

narrowpeakof snowextinction. Thepeakreflectivity of themeltingbandreachesnearly

37 dBZ about0.6km below thefreezinglevel,wheretheslower-meltinggraupelmakesa

greatercontribution to the reflectivity. Thepeakreflectivity of themelting layer greatly

exceedsthereflectivity of rain below the melting layer (-27 dBZ). Notealso that the

peakof reflectivity is at a slightly lower altitudethan thepeakof extinction. This effect

is explainedby themoregradualincreaseof backscatterefficiency (relativeto extinction

efficiency) with meltwaterfraction; seeFig. 8. The greaterrefractiveindicesproduced

by the MGwi model for melting particles leads to generally greaterextinction and

reflectivity of the melting layer (Figs.9c and9d). Ice specieswith initial densitieswhich

decreasewith size (Fig. 3c, d) melt more rapidly, resulting in narrower peaks of

extinctionandreflectivity (Fig. 10a,b).

3. Comparison of Melting Band Simulated Attenuation

to Radar Observations

The aspect of the melting band model which is perhaps most relevant to radiometer

and radar remote sensing of precipitation is whether or not the model can simulate the

extinction of microwave radiances. In the previous section it was demonstrated that

radiative absorption and scattering per kilometer within the melting layer could be several

times the absorption and scattering of the fully melted precipitation below. This
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absorptionandscatteringcouldhavean impacton theupwelling radiancesmeasuredby

passivemicrowaveradiometers.Similarly, the additionalextinction in themelting layer

could lead to greater attenuationof reflectivities below the layer, as observedby

spaceborneradar.

Here, the radar "mirror-image" technique (ref. Liao et al., 1999) is applied to

observationsof the Precipitation Radar (PR) in stratiform rain areasto estimatethe

radiative extinction associatedwith melting precipitation. A schematic of a PR

reflectivity profile is provided in Fig. 11 for the identification of specific reflectivity

measurementsdescribedin theanalysis. Mirror-imagereflectivitiesrefer to reflectivities

measuredat rangesbeyondthe rangeof the surfacereflection. Thesereflectivities are

produced by radar pulses that have refected off the earth's surface, are then

backscatteredby a precipitationtarget,andare finally reflectedoff the earth'ssurfacea

secondtime toward the radarreceiver.

observationsfollows.

The presentapplicationof the techniqueto PR

First, nadir-viewreflectivity profiles andderivedproductsfrom the PRarecollected

from the period August 4 - 22, 1998, over the region boundedby 20 °S and 20 °N

latitude,180°W and 120°W longitude. Thedataarefiltered usingthequalitativeflagsin

the derivedTRMM product 2A-23 (Awaka et al. 1998) to selectonly profiles where

stratiform rain waspresentanda radarbright bandwasdetectable.The reflectivities of

each three consecutivenadir profiles are averagedto reduce noise for subsequent
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processing. The averagedprofiles are next analyzed to identify the bright band

reflectivity bin (maximum reflectivity bin within 1.5km of the maximum reflectivity

gradientabovetherainlayer). Therangedifferencebetweentheradarsurfacereturnand

thebright bandis calculated,andthenthebright band"mirror image"bin is identifiedas

themaximumreflectivity bin within 0.75km of anequalrangedisplacementbeyondthe

surfacereturn. If either the bright bandreflectivity (Zbb)Orits mirror imagereflectivity

(Zbb-,,)arebelow25dBZ, theprofile is rejected. An alternatesurfacerangeis definedas

theaverageof therangeof thebright bandrangeandthebright bandmirror imagerange.

If this surfacerangedeviatesby morethanO.125(half a rangebin) from the rangeof the

maximum surfacereturn, then the profile is rejected. A "basal" reflectivity (Zb,)and a

"basal-mirror" reflectivity (Zh._.,)are then identified asthosecorrespondingto bins 1.5

km below the bright band and its mirror image, respectively. Also, a "reference"

reflectivity (Zrj)anda"reference-mirror"reflectivity (Zq:,,)areidentified asthoseof bins

0.75 km before and 0.75 km beyond the alternate surface range. If any of the

reflectivities of the basal,basal-mirror, reference,or reference-mirrorare less than20

dBZ, theprofile is rejected. The purposeof the filtering processis to removeprofiles

which (a)do not haveaneasily identifiablebright bandor bright bandmirror image,(b)

haveuncertainbright bandor mirror image bright bandrangesrelative to the surface

range, and (c) do not have basal, basal-mirror, reference, and reference-mirror

reflectivitieswhich aresignificantly greaterthanrrtinimum-detectable(-17 dBZ).
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Profiles that survive the filtering processareanalyzedto estimatethe optical depth

betweenthebright bandheightandthelevel 1.5below thebright band.Although it may

be arguedthat the bulk of theextinctiondueto melting,baseduponFigs. 9 and 10, lies

betweenthe top of the bright band and a kilometer below the top, application of the

mirror-image technique requires well-defined reference levels, and reflectivity

measurementsthat arerelatively noise-insensitive.Radarreflectivities abovethebright

bandmaximum areoften closeto minimum-detectable,and the bright band maximum

and its mirror-image supply well-defined height references. A 1.5 km layer depth

ensuresthat themelting processis entirelycontainedwithin the layer, andputs thebase

reflectivity and its mirror imagebelow the gradient region associatedwith melting,

establishinga morecertainreflectivity reference.

Following Liao et al. (1999),thereflectivitydouble-differencesaredefined

f2bb= (Z_b-- Zbb_,. ) --(Ze-Ze_m), (63)

and

f2b, , = (Z_ - Zb,,_,,,)- (Ze-Z,__,,), (64)

where all reflectivities are in dBZ. For ideal, beam-filling radar targets and specular

reflection of the nadir-view radar beam off a flat ocean surface, the measured difference
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£2bbwould be four times the radar path attenuation (4-way attenuation) between the bright

band and the 0.75 km altitude reference level. Similarly, f_h,, would be the 4-way

attenuation between the base level and the reference level. For wind-roughened ocean

surfaces, Liao et al. (1999) modeled the 4-way attenuation between any altitude h and a

reference level of 0.75 km, corresponding to a PR-measured double-difference _ and

surface radar backscatter cross-section, o °. These 4-way attenuation simulations were fit

to an empirical function, F[E2, h, o°]. Using this function, measurements f_bb and £)_,a,and

an estimate of the surface backscatter cross-section o" from nadir-view PR measurements

in rain-free regions (TRMM 1C21 product; Meneghini et al. 1999), the optical depth, r,

between the bright band and base level can be estimated from

In(10) {F[f2bh,hhh,Cr,, ] F[f2b, ' hhb--1.5 km, cr°]},
4O

(65)

where hbb is the altitude of the bright band.

Equation (65) is applied to the filtered PR reflectivity profile data from August, 1998,

and the resulting estimates of 1- are plotted versus corrected basal reflectivity

measurements, Z*b,, in Fig. 12. The basal reflectivities are corrected using

Z* 2___0__0
ba = Zba + ln(lO)l"' (66)
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wherethereflectivities areevaluatedin dBZ. The correction,(66),compensatesfor the

attenuationof thebasalreflectivity dueto overlying precipitationbetweenthebasallevel

and the bright band. This correction makesZ'b,, a parameter representative of the

"'output" precipitation below the melting layer which is more or less independent of

optical depth variations in the precipitation above. In this way, the impact of optical

depth variations in the melting layer are seen primarily along the optical depth axis of the

plots in Fig. 12. Error bars are calculated based upon the estimated uncertainties in the

PR reflectivity data, the altitudes of the bright band and basal reflectivity bins, and the

surface backscatter cross-section. Since the error bars do not var 3, greatly over the

distribution of plotted values, they are plotted for only one representative point in each

panel.

Also plotted in the different panels of Fig. 12 are the optical depths corresponding to

corrected basal reflectivities calculated using the melting layer model developed in the

present study. The melting model profiles are initialized using the snow and graupel

water contents just above the freezing level in stratiform areas of the TOGA1 and

TOGA3 model simulations. Four variations of the melting layer simulations are

represented in the figure. First, a melting simulation in which partially melted ice

hydrometeors are "refrozen", such that the meltwater is converted to an ice-air mixture

with the same material density as the remainder of the frozen particle. Only when a snow

or graupel particle is completely melted is it converted to pure liquid (raindrop). This
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first simulationthereforerepresentsa control in which thedielectricpropertiesof mixed-

phase,partially-meltedice particlesarenot considered.In a secondmelting simulation

the dielectricpropertiesof snowaredescribedby theFScore-shellmodel,andgraupel

dielectricpropertiesaredescribedby theMGwi model. A third meltingsimulationagain

incorporatesthe FS core-shell model for snow, but substitutesthe ML97 model for

graupel. A fourth simulationincorporatestheFScore-shellandMGwi modelsfor snow

and graupel, respectively, but alters the density distributions of snow and graupel

accordingto (43)and(44).

Even considering the uncertainties in the PR-observedoptical depths, Fig. 12

indicatesa significant rangeof melting layer optical depthscorrespondingto corrected

basalreflectivities between25 and40 dBZ. Optical depthsbetween0.025and0.35are

derived from the mirror-image technique,and thereis a trendof higheroptical depths

with higherbasalreflectivities. In contrast,themeltingmodelcontainingnomixed-phase

particles (Fig. 12a) producessystematically lower optical depths for a given basal

reflectivity. This systematicdifferencecanbepartlyexplainedby theuncertaintyin the

observedoptical depthsand naturalvariationsin precipitationparticlesizedistributions

that arenot representedin the melting model. Sincethecurrentmeltingmodeldoesnot

includeadescriptionof the evolutionof therain drop-sizespectrum,the issueof varying

particledistributionscannotbefully addressedhere.
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However, thepresenceof mixed-phase, melting ice hydrometeors can at least partly

explain the observed optical depth distribution. Plotted in Fig. 12b are the optical depth -

corrected basal reflectivity pairs from the melting model simulation based upon the FS

core-shell model for snow and the MGwi model for graupel. Note that there is a much

greater breadth of optical depths produced by this simulation and much greater overlap

with the observed distribution of optical depths, in comparison to the simulation without

mixedTPhase particles. The greater overlap of the distributions is the result of two

effects: first, there is a general increase in the optical depths of the simulated melting

layers due to absorption by mixed-phase particles; second, the corrected basal

reflectivities are slightly lower due to greater attenuation by precipitation above the bright

band. Still, in the observed distribution at lower basal reflectivities there are a few

relatively high melting layer optical depths that are not explained by the FS/MGwi

simulation.

If the ML97 model is substituted for MGwi to describe the dielectric properties of

graupel (Fig. 12c), somewhat lower optical depths result, but these are still generally

higher than those produced by the model with no mixed-phase particles. Even though

ML97 provides a fairly rigorous description of homogeneous melting particles, the

radiative extinction produced by these particles appears to be insufficient to explain the

observed optical depths. Snow and graupel particles with empirical size-dependent

densities are substituted for the constant-density particles from the GCE parent
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simulationsto obtain the modeledoptical depths and basal reflectivities of Fig. 12d.

Note thatthe modeledoptical depthshavea greaterspreadthan thoseproducedby the

constant-densityparticles at basal reflectivities less than about 33 dBZ, and they are

generally lower than thoseproducedby the constant-densityparticles at higher basal

reflectivities. A simpleexplanationof thesedistributionsis difficult, sincethevariable-

densityparticlesgenerallyproduceshallowermelting layerswith smalleroptical depths,

but at thesametime, correctedbasal reflectivities are alsoreduced(Fig. 9a,b vs.Fig.

10a,b). Overall, theoptical depthdistributionsfrom theconstant-andvariable-density

particlesarequite similar.

Althoughtheforegoinganalysisdoesnotconfirm thevalidity of anyparticular

meltingmodelsimulation,it doessuggestthat greaterconsistencybetweenobservedand

simulatedradiativepropertiesof the melting layer canbe achievedwhenthe dielectric

propertiesof mixed-phase,partially-melted precipitation particles are included in the

simulations.Moreover,theFS,core-shelldielectricmodel for snow,combinedwith the

MGwi dielectricmodel for graupel,producesthegreatestoverlapbetweenthe observed

and simulated optical depth/reflectivity distributions. The observeddistribution of

melting layeroptical depthsincludessomerelatively large valuesthatarenot simulated

by anyof the melting models. Theseoptical depthsmay be dueto uncertaintiesin the

observationsand/or a lack of realism/generalityin the melting simulations, including

errors in the dielectric modeling of melting particles, precipitation particle size
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distributionswhich deviatefrom thoseobserved,anda lack of robust stratiform regions

overlying drier airwhich producegreateramountsof ice precipitationbut lessrainfall.

4. Summary and Outlook

In this study, a I-D steady-state microphysical model which describes the vertical

distribution of melting precipitation particles is developed. The model is driven by the

ice-phase particle (snow, graupel) distributions just above the freezing level at applicable

horizontal gridpoints of parent 3-D cloud-resolving model simulations, and extends these

simulations by calculating the number density and meltwater fraction of each particle in

finely-separated size categories through the melting layer. The depth of the modeled

melting layer is primarily determined by the initial material density of ice-phase particles:

distributions of constant-density snow (0.1 g cm "3) and graupel (0.4 g cm -3) generally melt

over a deeper layer than distributions of snow and graupel having densities that decrease

with particle size.

The radiative properties of melting precipitation at microwave frequencies are

calculated based upon different methods for describing the dielectric properties of mixed-

phase particles. Particle absorption and scattering efficiencies from 10.65 to 85.5 GHz

are enhanced greatly for relatively small (-0.1) meltwater fractions. The relatively large

numbers of these partially-melted particles just below the freezing level in stratiform

regions lead to significant microwave absorption, exceeding the absorption by rain below
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the melting layer by factors of 10, 5, 3, and 2 at 10.65, 19.35,37.0 and 85.5 GHz,

respectively,in onetestprofile. Calculatedbackscatterefficienciesat 13.8GHz increase

in proportion to theparticle meltwaterfraction, leadingto a "bright-band" of enhanced

radarreflectivitiesin agreementwith previousstudies.

The radiativepropertiesof melting layer aredeterminedby the choice of dielectric

modelsandtheinitial watercontentsandmaterialdensitiesof the ice-phaseprecipitation

particles. In anattemptto resolvethesesourcesof ambiguityin themelting layer model,

four setsof melting profiles are generatedbasedupon two tropical squall line CRM

simulations. Thecontrol setcontainsno mixed phaseprecipitation,while theothersets

include mixed-phaseparticleswith radiativepropertiesdeterminedby differentdielectric

modelsand initial particle densitydistributions. The set of profiles basedupon snow

describedby theFabry-Szyrmercore-shelldielectricmodelandgraupeldescribedby the

Maxwell-Garnettwatermatrix dielectricmodel,with constantmaterialdensitiesof O.1g

cm-3 and 0.4 g cm-3, respectively, leadsto reasonableconsistencywith PR-derived

melting layer optical depthdistributions. Snowandgraupelwith initial size-dependent

densitiesproducea similar optical depthdistribution if the samedielectric modelsare

utilized. A moregeneralconclusionfrom theintercomparisonis that thecontrol profiles

which do not containmixed-phaseparticlesyield optical depthsthat aresystematically

lower than thoseobserved.Therefore,theuseof themelting layer model to extend3-D
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CRM simulations appearsjustified, at leastuntil more realistic spectral methodsfor

describingmeltingprecipitationin 3-DCRM's areimplemented.

Independentin situ measurementsof particle sizedistributionsin stratiform regions

from airborne probe data have recently been performedas part of the TRMM field

campaigns.Coupledwith coincidentairborneradiometerandradarobservations,these

datawill hopfully leadto amorecompletedescriptionof themicrophysicalandradiative

propertiesof meltingprecipitation. A comparisonof modeledandobservedmeltinglayer

propertieswill be thefocusof afuture investigationby theauthorsof thisstudy.

In PartII of this series,the3-DCRM simulationslistedin Table 1,augmentedby the

1-Dmodel in stratiformregions,serveasthebasisfor calculationsof upwelling radiances

at theTMI frequenciesandcomputationsof extinction/reflectivitiesatthePRfrequency.
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Tables

Table 1. Characteristics of the parent 3-D cloud-resolving model simulations.

Model/Simulation Date

GCE/TOGA 1 2/22/93

Approx. Horizontal Grid

Location Resolution [km] Dimensions Duration

9S, 159E I x 1 128 x 128 x 30 6 hours

GCE/TOGA3 2/22/93 9S, 159E 3 x 3 128 x 128 x 30 6 hours

GCE/TOGA2 12/19/92 2S, 155E 2 x 2 256 x 256 x 40 7 days

UW-NMS/

COrrMEX 7/11/96 35N, 87W lxl 51x51x42 4hours

UW-NMS/

HURRICANE 9/11/88 19N, 70W 3.3 x 3.3' 62 x 62 x 42 _' 6 hours _

trefers to highest-resolution nested grid
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Figure Captions

Fig. 1. Schematic of the grid domain of the 1-D melting layer model.

Fig. 2. Plan view of the su_-face rainfall rate distribution at 180 min from the TOGA1

CRM simulation. The location of the test profile is indicated by the cross-hairs.

Fig. 3. Melting layer model vertical profiles of (a) precipitation water contents, and (b)

precipitation mass fluxes based upon melting of snow and graupel with size-independent

densities. Panels (c) and (d) are the same as (a) and (b), but for snow and graupel

densities that decrease with size.

Fig. 4. The real and imaginary parts of the refractive indices of melting snow based upon

different dielectric constant models at (a) 10.65 GHz, (b) 19.35 GHz, (c) 37 GHz, and (d)

85.5 GHz. The lower-left vertex of the model curves in each panel represents dry snow,

while the upper-right vertex represents completely melted snow. The "+" on each model

curve represents a melted particle fraction of 0.5 by volume.

Fig. 5. Same as Fig. 4 but for melting graupel.
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Fig. 6. Absorptionandscatteringefficienciesat 10.65GHz (a andb), 19.35GHz (c and

d), 37.0GHz (e and f), and 85.5GHz (g and h), plotted as functionsof particleradius

baseduponthe Fabry-Szyrmercore-shelldielectric constantmodel for snow particles

with meltwatervolumefractionsof 0.0,0.01,0.1,0.4, and 1.0.

Fig. 7. Melting layer vertical profiles of (a) absorptioncoefficient, and (b) scattering

coefficientat 10.65,19.35,37.0,and85.5GHz,basedupontheFabry-Szyrmercore-shell

dielectricconstantmodelappliedto thesnowandgraupeldistributionsplottedin Fig. 3a.

Absorptioncoefficient andscatteringcoefficient profiles in panels(c) and(d) arebased

upontheMaxwell-Garnettwatermatrix dielectricconstantmodel.

Fig. 8. Extinction and backscatterefficiencies at 13.8 GHz, plotted as functions of

particle radiusbasedupon the Fabry-Szyrmercore-shelldielectric constantmodel for

snowparticleswith meltwatervolumefractionsof 0.0, 0.01,O.1,0.4, and1.0.

Fig. 9. Melting layervertical profiles of (a) extinction, and(b) reflectivity at 13.8GHz,

basedupontheFabry-Szyrmercore-shelldielectric constantmodel appliedto thesnow

andgraupeldistributionsplottedin Fig. 3a. Extinction andreflectivity profiles in panels

(c) and(d) arebasedupontheMaxwell-Garnettwatermatrix dielectricconstantmodel.
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Fig. 10.Melting layer verticalprofilesof (a) extinction,and(b) reflectivity at 13.8GHz,

baseduponthe Fabry-Szyrmercore-shelldielectric constantmodel appliedto the snow

andgraupeldistributionsplottedin Fig. 3c.

Fig. 11. Schematicof referencelevels utilized to determinemelting layer extinction

opticaldepthsfrom measurementsof thePrecipitationRadar.

Fig. 12. Extinction optical depthsof simulatedmelting layers (black dots), plotted as

functionsof attenuation-correctedbasalreflectivities,using(a) nomixed-phaseparticles,

(b) Fabry-Szyrmercore-shell model snow and Maxwell-Garnett water matrix model

graupel, (c) Fabry-Szyrmercore-shell model snow and Meneghini-Liou 1997 model

graupel, and (d) Fabry-Szyrmercore-shell model snow and Maxwell-Garnett water-

matrix model graupel(but for snow and graupel densitiesthat decreasewith particle

size). Melting layersarederivedfrom theTOGA1 andTOGA3 cloud-resolvingmodel

simulations; ref. Table 1. Also, observed melting layer extinction optical depths

(diamonds) are plotted as functions of attenuation-corrected basal reflectivities.

Observedoptical depths are estimatedusing the mirror-image technique,applied to

observationsof the PrecipitationRadarat low latitiudes. Representativeerror barsare

indicatedfor onepair of observations.
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